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This letter reports on a systematic investigation of sputter induced damage in graphene caused by low energy Ar + ion bombardment. The integral numbers of ions per area (dose) as well as their energies are varied in the range of a few eV's up to 200 eV. The defects in the graphene are correlated to the dose/energy and different mechanisms for the defect formation are presented. The energetic bombardment associated with the conventional sputter deposition process is typically in the investigated energy range. However, during sputter deposition on graphene, the energetic particle bombardment potentially disrupts the crystallinity and consequently deteriorates its properties. One purpose with the present study is therefore to demonstrate the limits and possibilities with sputter deposition of thin films on graphene and to identify energy levels necessary to obtain defect free graphene during the sputter deposition process. Another purpose is to disclose the fundamental mechanisms responsible for defect formation in graphene for the studied energy range. Since it was first successfully isolated from a graphite crystal over a decade ago, graphene has made it into the laboratories for the development of future generation electronic products. 1, 2 Its extreme attributes related to mobility, 3 transparency, 4 and tensile strength 5 make it a suitable material for future electronics. These special properties come from the fact that graphene is a two-dimensional (2D) single layer crystal with delocalized π-electrons organized in a hexagonal network of sp 2 hybridized carbon. However, its 2D geometry is not only an advantage but also poses some challenges, especially when it comes to processing. By definition a single layer 2D material possesses no redundancy of material, meaning that it is inherently sensitive to defects. Several of the current tools used in the production of today's electronics have been utilized in the manufacturing of single layer graphene (SLG) devices. Unfortunately sputter deposition techniques have so far been proven to be incompatible with graphene due to high impact energy of particles, which destroy the sp 2 -network of graphene. [6] [7] [8] [9] Sputtering is one of the key processes required to incorporate graphene as a component into large-scale manufacturing. Despite this obvious need for knowledge of the limits of sputtering in graphene processing, research here is scarce and is mostly performed by simulations. 10 Here we present an experimental investigation of processing conditions that lead to defect free or close to defect free, sputtering on graphene. We also investigate the dose dependency of defects at certain sputtering energies, aiming at establishing guidelines for optimization of sputter deposition processes on graphene. To study only the kinetic aspects of sputtering we restrict ourselves here to Ar ions as projectiles as they are non-reactive. This is in contrast to using, e.g., O which has been shown to react strongly with graphene in its atomic state regardless of the kinetic energy level.
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Graphene was in the early studies acquired by mechanical cleavage and this is still the best way to acquire low defect graphene. 2 Chemical vapor deposition (CVD) processing on the other hand is one of the best manufacturing methods for large scale production and is therefore the subject of the study here. It is however associated with problems such as limited grain sizes and defects at the grain boundaries. These defects are reported to be on the nm scale whereas the crystal size in this letter is ∼10 µm in size. 12 The graphene was produced by means of CVD on Cu foils. Feed gases were Ar:H 2 :CH 4 , 100:75:10 standard cubic centimeter per minute (sccm), respectively. The deposition was carried out at 1000
• C and 187 Pa in a diffusion furnace. Our previously reported residue free transfer method was utilized in order to achieve a clean graphene surface on top of a 300 nm thick SiO 2 surface. 13 Following the transfer, the samples were placed in a vacuum chamber at a pressure of 1.3 × 10 −6 Pa where the subsequent ion bombardment took place. The samples were spaced at least 8 cm from each other to prevent stray ions from the Ar + beam affecting the neighboring samples. One piece of graphene was used per collected data point. The ion incidence angle was 45
• with respect to the substrate.
A Faraday cup was utilized to measure the ion current of the sputter gun for different energies. From this a series of conditions having a constant dose with different Ar + kinetic energies could be compiled. Several series with set energies (1, 5, 10, 15, 20, 25 , and 40 eV) with different doses were also made. The ion bombarded graphene was subsequently characterized by means of resonant Raman spectroscopy at 532 nm wavelength and 20× magnification in a Renishaw "inVia" Raman Spectrometer.
We use Raman spectroscopy for damage assessment of graphene irradiated with Ar + . Models evaluating the quality and behavior of graphene from Raman spectroscopy have been made available during the last years. [14] [15] [16] [17] [18] The Raman spectrum of graphene has three distinct peaks that can be used to examine the quality of a graphene specimen: the D, G, and 2D peaks at 1350, 1580, and 2700 cm −1 respectively, see Fig. 1 (a). Throughout this paper, peak intensity is taken to be equivalent to a peak's height. The G peak is present due to an in-plane vibrational mode not affected by defects and is therefore used as the standard level for normalizing spectra. 16 The D peak only activates in the presence of defects, it is therefore directly correlated to the amount of defects in the graphene film. 16 This is in contrast to the 2D peak that accounts for the amount of carbon in graphene with no defects in its proximity. 16 In the discussion that follows a fourth peak (D ′ ) will also be of interest: the D ′ peak is located at slightly higher shift than the G peak and also requires a defect to become activated. 14 In the reference curve (bottom curve Fig. 1(a) ) of freshly transferred SLG the 2D peak at 2700 cm −1 and the G peak at 1590 cm −1 can clearly be seen. Also present but less obvious is the D peak at 1380 cm −1 . When increasing the ion energy, we can see in Fig. 1 that the 2D peak decreases while the D peak increases and the G peak retains its intensity. It can be noted that a second peak appears at 1600 cm −1 from ion energies at 28 eV and upwards. The peak with the lower Raman shift of the two is the one being referred to as the G peak, whereas the one at the higher shift is the D ′ peak. Additional samples of different dosages and energies were also collected. These follow the same development.
From Fig. 1 , it is possible to distinguish three regions of effect: A, B, and C. Region A refers to kinetic energies below 26 eV, here no damage seem to occur at the tested dose of 3 × 10 14 ions/mm 2 . Region B, with energies between 28 and 80 eV, has similar defect levels throughout the series. Furthermore, it is here the D ′ peaks are the most pronounced. In region C, above 80 eV, the damage is so extensive that the graphene is indistinguishable from amorphous carbon. The intensity of the 2D peak decrease almost linearly until it completely vanishes somewhere below 200 eV. As mentioned above, the 2D peak intensity is directly correlated to the amount of graphene not effected, 19 and it is therefore not surprising that it vanishes at ion energies of 80 eV ( Fig. 1(a) , region C), as this is the same ion energy that the D and G peaks have broadened in a manner commonly related to amorphization of the graphene. Several publications have shown that the I(D)/I(G) ratio can be used to calculate the mean distance between defects, this model has been proven valid for point defect evaluation in large (≫30 nm) graphene crystals.
14, 15 Here we utilize the simplified equation:
, where L D is the mean distance between defects in a graphene film and λ is the Raman wavelength (532 nm).
14 This equation is used in Fig. 1(c) to estimate the level of induced damage. It is seen that L D ≈ 22 ± 2 nm for the ion energies in the A region, whereas the B region plateaus at about L D ≈ 7 ± 15 nm (see Fig. 1(c) ).
14 A D ′ peak will be seen when the defects are less than 15 nm from each other. 14 We can see here that this behavior occurs when the intensity ratio of D to G peaks approaches 2. A ratio between 2 and 3 is considered the maximum level for the laser wavelength of 532 nm used here, since then the defects start to merge and the material approaches a structure more and more akin to amorphous carbon. The displacement energy E d , i.e., the energy required to remove one carbon atom from a pristine graphene sheet has been calculated to about 22.2 eV. 10, 20 For argon (or other) ions, the kinetic energy required by the ion to remove a C atom is found via the kinematical relationship which describes the transfer of kinetic energy from an incoming ion to a target atom,
Here m c and M are the C and Ar + masses, respectively. The kinetic energy, E min , required for an Ar ion to displace a carbon atom in a suspended graphene sheet is then 31.2 eV. 10 At graphene grain boundaries the enthalpy is positive vis-'a-vis pristine graphene. 21 This suggests that the displacement energy can be lower than 22.2 eV. The presence of a substrate, and the fact that the angle of ion impact to the substrate is 45
• , may result in conditions deviating from the ideal situation assumed in the simulations, i.e., a head on impact with the projectile trajectory being perpendicular to a perfectly flat, suspended graphene sheet. It is however still reasonable to expect a lower energy limit of around 30 eV to achieve displacement deformation/sputter removal of perfect graphene. system has been measured to give a few tens of percent of double ionized Ar (i.e., double kinetic energy) which cannot be ignored.
To investigate the different defect formation mechanisms at different ion energies, a study of the induced damage vs. ion dose at different ion energies was conducted. Fig. 2(a) shows I(D)/I(G) vs ion dose for different energies. Even if the kinetic energy of the ions is below 25 eV, we see that a prolonged exposure can still affect the graphene at energies as low as a few eV (considering the double ionization of the 1 eV ions). Simulations have shown that bond breaking should not arise with energies below 20-33 eV. 10 In contrast, our experiments show that defects are generated at the lowest energy considered here: 1-2 eV. There is, for example, so called Stone-Wales (SW) defects which have shown to occur at energy levels around 10 eV. 22 This type of defect comes from an isomerization of the carbon atoms, turning four hexagonal rings in graphene into two heptagonal and two pentagonal ones, see Fig. 2(b) (right illustration) . Since no bonds are broken, but merely rearranged, the energy to obtain this change can be very low. Although the SW defects have not been reported at such low energies, it can be assumed that it may occur due to multiple simultaneous impact or other low probability mechanisms. There are different defects present in a pristine graphene film produced by CVD. These defects are primarily located at grain boundaries and introduce strain in the film which will affect how the graphene react to ionic bombardment. These defects arise during the CVD growth when two graphene crystals coalesce, whereby heptagonal and pentagonal rings are formed to compensate for the crystal misalignment. Some of these defective bonds have been calculated to have binding energies close to 1 eV making them susceptible to damage by ionic impact. 22 In Fig. 2(a) it is possible to distinguish two separate dynamic behaviors; for energies from 15 eV and below, the defect formation rate is rather constant and significantly lower than for the energies at 20 eV and above. The significant amount of double ionized Ar implies a substantial amount of 40 eV ions in the 20 eV beam, which is well above the energy threshold for obtaining amorphous graphene; see Fig. 2(b) (left illustration) . The same is true for higher energies, i.e., 25 and 40 eV. The fact that the breaking point in Fig. 1 was concluded to be 25 eV is explained by the low dosage insufficient to deliver a measurable amount of double ionized ions of 50 eV. The defects of the lower energies become measureable around an integral dose of 7 × 10 14 ions/mm 2 . This refers to a situation where either the graphene crystals have shrunk to the size of around 30 nm in size or there are point defects in the graphene separated by roughly the same average distance. 14, 15 Given the low bond energy is calculated for carbon at the graphene crystal boundaries, there is a possibility for low energetic ions to damage the crystal from the edge and inwards. If the responsible mechanism is the destruction starting at the grain boundaries between coalesced crystal islands and moving inwards from the edges, the crystalline part of the graphene would shrink from 10 µm to 30 nm from an ion dose of 7 × 10 14 ions/mm 2 while it would take up to a ten times higher dosage to shrink from 30 to 5 nm.
14 As this is highly unlikely, an introduction of spot wise defects, see Fig. 2(b) (left illustration) , is concluded to be the most dominating mechanism. By calculating L D from the data acquired for the 15 eV series, according to the previously mentioned model see Fig. 2(a) , 14 we can estimate that, on average, 22 ions are required to introduce one defect. The results presented in Fig. 2(a) are useful when designing a process for sputtering onto graphene without introducing defects if energy distribution and flux during the deposition can be estimated. For example, if it is known that the maximum energy is less than 30 eV, one has to deposit a pinhole free film, protecting the graphene from ion radiation, before the integral dosage reaches 1 × 10 15 mm −2 . In conclusion, we have demonstrated that graphene can be damaged by Ar + ions having nominal energies in the few eV region. There are primarily two different defect formation mechanisms depending on energy. At energies below 30 eV the responsible mechanism for defect formation is isomerization and at higher energies the dominant mechanism is creation of displacement defects/sputtering. However, due to the significant amount of double ionized Ar displacement defects are observed at ion energies as low as 20 eV. The clear trend of increasing I(D)/I(G) vs. both dose and kinetic energy shows that sputter deposition on graphene is possible but challenging. If the flux and energy distribution of species arriving at the graphene substrate is known in a sputter deposition process, the presented results may be used as guidelines to tailor make a process for sputtering onto defect free graphene. Thus a relation between the required sputter deposition rate and energy/flux can be derived from results presented herein. 
